The epithelial-mesenchymal transition (EMT) is a dynamic process linked to metastasis in many tumor types, including mammary tumors. In this study, we evaluated E-cadherin and vimentin immunolocalization in primary canine mammary carcinomas (20 cases) and their respective metastases, as well as their relationship with the core regulators SNAIL/SLUG. To assess the number of cells undergoing the process of EMT, we quantitated double-positive (E-cadherin þ /vimentin þ ) cells using immunofluorescence, via cell counting and image analysis. In addition, SNAIL/SLUG expression was evaluated by established immunohistochemical methods. Primary tumors had significantly more E-cadherin þ /vimentin þ co-expression than their paired respective lymph node or distant metastasis, respectively. Furthermore, the percentage of E-cadherin þ /vimentin þ cells in grade II and III carcinomas was significantly higher than in grade I tumors. Primary tumors had significantly higher SNAIL/SLUG expression when analyzed based on the percentage of positive cells compared with their respective distant metastases in pairwise comparisons. An inverse correlation was noted between SNAIL/SLUG immunoreactivity and percentage of E-cadherin þ /vimentin þ immunopositive cells in primary tumor samples when SNAIL/SLUG immunoreactivity was grouped into 2 categories (high versus low) based on percentage-positive staining. These results show a positive correlation between E-cadherin þ /vimentin þ cells and higher tumor grade, establish differences between primary tumor and their respective metastases, and provide further support that EMT plays a critical role in the metastasis of canine mammary carcinoma. Furthermore, these data suggest that modulation of this process could provide greater therapeutic control and provide support for further research to determine if E-cadherin þ /vimentin þ co-immunoreactivity imparts predictive value in the clinical outcome of patients with canine mammary carcinomas.
subtypes being the most prevalent. 18, 43, 60 Highly variable clinical outcomes occur in dogs with mammary carcinomas and are influenced by such factors as tumor histological type, grade, and clinical stage. Dogs with stage I (<3 cm) and grade I primary tumors typically have a favorable long-term survival when treated with surgery alone. 61 However, metastasis remains a frequent cause of cancer-related death in dogs diagnosed with advanced-stage disease or higher-grade tumors. 9, 20, 31, 32, 61 Therefore, similar to women with breast cancer, predicting, preventing, and treating metastasis represents the most important obstacle to improve outcomes in dogs with clinically aggressive neoplastic subtypes. To do so requires an improved understanding of the complex biological and molecular changes that occur in the malignant epithelial cells during the transition to a metastatic phenotype. Despite progress, the process of metastasis, and specifically the interactions between tumor cells and their microenvironment that drives and/or facilitates metastasis, is incompletely understood. 31 The epithelial-mesenchymal transition (EMT) has been identified as a major player in tumor metastasis and progression. EMT is a dynamic process that occurs during epithelial tumor development and invasion, which has been associated with aggressive clinical behavior. 36 During EMT, epithelial cells undergo multiple biochemical changes to acquire a mesenchymal-like phenotype characterized by enhanced migratory capacity, invasiveness, and increased production of extracellular matrix components. In addition, during this process, epithelial cells may develop stem cell characteristics, such as increased resistance to apoptosis, anoikis, and immunosuppression. 13, 24, 27, 28 EMT has been associated with the metastatic process in many different types of epithelial malignancies, including mammary carcinomas. 3, 13, 64, 67 Accumulating evidence also supports a phenotypic plasticity of tumor cells that allows a reverse process, specifically the mesenchymal-epithelial transition (MET), to occur when metastatic cells colonize a distant secondary site. 38 MET is more challenging to document in patients with spontaneously occurring tumors, however, because of limitations in access to both primary tumors and respective metastatic lesions.
Nevertheless, certain features associated with EMT have been well documented, in both research models and naturally-occurring mammary cancer in humans and dogs, and support a crucial role for EMT, and possibly MET, in tumor progression and metastasis. Specifically, the down-regulation of epithelial cell-to-cell adhesion proteins, such as E-cadherin, and the up-regulation of mesenchymal proteins such as vimentin have been associated with aggressive breast cancer behavior and poor outcomes.
y Growth factors, such as transforming growth factor-b and epidermal growth factor, induce EMT through induction of WNT and NOTCH signaling pathways and activation of downstream transcription factors such as SMAD, SNAIL, ZEB, and TWIST, although this remains controversial. 13, 28, 35, 63 Research to further elucidate how EMT is regulated and the mechanisms by which it promotes aggressive cancer behaviors will improve our insight into the biology of metastasis and may inform the development of new drugs or treatment strategies. 13 Based on previous research on EMT in canine mammary carcinomas and its association with tumor progression and metastasis, we hypothesize that a subset of tumor cells within canine malignant mammary carcinomas co-express both E-cadherin and vimentin (E-cadherin þ /vimentin þ ) during their transition from an E-cadherin-dominant expression (epithelial) to a vimentin-expressing phenotype (mesenchymal) and that there would be a decline in numbers of these E-cadherin þ /vimentin þ cells in paired metastatic lesions of these tumors (due to the reversing process of MET). The primary objective of this research project was to test this hypothesis by studying the process of EMT, specifically E-cadherin and vimentin expression, and its core regulators (SNAIL/SLUG) in primary tumors and paired metastatic lesions of dogs with mammary carcinomas. 
Materials and Methods

Case Selection and Histopathological Analysis
E-Cadherin and Vimentin Immunofluorescence Analysis
The FFPE tissues were evaluated for E-cadherin and vimentin expression by immunofluorescence. Sequential (4-mm-thick) sections from the blocks of all primary tumors, lymph node metastases, and distant metastases described above were prepared on charged slides for immunofluorescence staining. Sections were deparaffinized by immersion in Clear-Rite 3 (Thermo Fisher Scientific, Waltham, MA) for 10 minutes at room temperature (RT), followed by immersion in solutions of decreasing ethanol concentration (100%, 95%, and 70%), for 3 minutes each. The slides were then washed in deionized water, and antigen retrieval was performed by boiling in citrate buffer (DAKO; Dako Denmark A/S, Glostrup, UK), according to the established laboratory procedures. 4 Following a protein block performed in a 5% bovine serum albumin (BSA), 5% goat serum, and 0.05% Tween-20 (Bio-Rad, Hercules, CA) in phosphate-buffered saline (PBS) solution for 30 minutes at RT, samples were incubated with the primary antibodies. Samples were then rinsed 3 times for 5 minutes in PBS prior to incubation with the secondary antibodies for 1 hour at RT. Primary and secondary antibodies used are described in Table 2 . For negative controls, no primary antibody was added. Finally, samples were washed 3 times in PBS for 10 minutes and then mounted with DAPI (Thermo Fisher Scientific).
Immunofluorescence analysis. Five images were taken for each slide per sample, at high-power (40Â objective) and 20Â objective fields using an Olympus Microscope (BX51). The fields chosen were based on areas with malignant epithelial cells confirmed by HE. To assess the potential transition through the EMT process, the number of tumor cells positive and negative for E-cadherin or vimentin (E-cadherin
, respectively), as well as the number of double-positive (E-cadherin þ /vimentin þ ) and double-negative (E-cadherin -/vimentin -) tumor cells, was established by counting malignant epithelial cells in the 5 images at 40Â high-power per field. E-cadherin membranous and/or cytoplasmic red staining was considered positive, while cytoplasmic green staining was considered positive for vimentin. E-cadherin and vimentin co-localization was shown in yellow (result of combining green and red), when both markers were present in the cytoplasm of the neoplastic cells or by Ecadherin expression in the membrane and vimentin in the cytoplasm of the same tumor cells (Fig. 1) .
Results were expressed as the median value (with ranges) of the percentage of E-cadherin and vimentin-positive/-negative cells. In addition, the area of E-cadherin
þ immunoreactivity, viewed with a 20Â objective lens, was determined per section using ImageJ software (National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/; Tables 3 and 4) .
SNAIL/SLUG Immunohistochemical Analysis
SNAIL/SLUG protein expression was evaluated in FFPE tissues by immunohistochemistry. Sections of each tumor were prepared on charged slides, deparaffinized, and rehydrated. Antigen retrieval was performed by citrate buffer boiling, followed by blocking in 3% H 2 O 2 , PBS containing 1% BSA (A5611 Sigma-Aldrich, St Louis, MO) and 10% goat serum (protein blocking solution), avidin blocking solution, and biotin blocking solution (Avidin Blocking Kit; Vector Laboratories Inc, Burlingame, CA). 4 Primary antibody and IgG control (negative control; Table 2 ) were incubated for 1 hour at RT in protein blocking solution. Secondary antibody ( Table 2) was applied and incubated in 1% of BSA/PBS for 1 hour at RT. Sections were incubated in an avidin-biotin-peroxidase system (ABC Elite; Vector Laboratories Inc) and in 3,3 0 -diaminobenzidine, DAB Substrate (Dako, Carpinteria, CA) for 1 minute 30 seconds at RT. Slides were counterstained in hematoxylin, before dehydration and mounting. A canine fibrosarcoma sample served as a positive control. 25 The same specific areas that were evaluated for E-cadherin/vimentin co-expression were evaluated for SNAIL/SLUG staining and limited to regions with malignant epithelial cells. This was confirmed by comparing the slides with parallel sections stained with HE. SNAIL/SLUG immunopositivity was counted as percentage positive cells and scored according to the criteria described by Gamba et al., 17 where 0 represents <5%, þ1 equals 5% to 50%, and þ2 equals >50% of immunopositive neoplastic cells of the total neoplastic cell population. The tumors were further grouped as SNAIL/SLUG low (scores 0 and þ1) and SNAIL/SLUG high (score þ2; Figs. [2] [3] [4] [5] . Raw data are provided as Supplemental Table S1 .
Data Analysis
Statistical analyses were performed using GraphPad Prism v.7.0 (GraphPad Software Inc, La Jolla, CA). P < .05 was 
Results
E-Cadherin and Vimentin Expression by Immunofluorescence
The analysis of E-cadherin or vimentin is shown in Table 3 . Ecadherin staining was recorded as membranous cytoplasmic and total (membranous þ cytoplasmic). Overall, there were low percentages of cells with membranous E-cadherin þ labeling in primary tumors, lymph node metastases, and distant metastases regardless of primary tumor grade (median values of 13%, 7.4%, and 10.1%; Tables 3 and 4) . Considering the pairwise comparison of E-cadherin and/or vimentin between the respective primary tumor, lymph node metastasis, and distant metastasis, there was a significant increase in percentage of cytoplasmic or total E-cadherin þ /vimentin -cells in distant metastasis compared with primary tumors (P ¼ .03 and .04, respectively; Table 3 ). In contrast, the percentage of E-cadherin -/vimentin þ cells in the primary tumor was significantly higher than in their respective lymph node (P ¼ .01) or distant metastasis (P ¼ .03). Although a trend for more E-cadherin -/ vimentin þ cells was noted in primary tumors between grade II and III and grade I tumors, respectively, no significant associations were found (Table 4) .
To identify cells expressing both epithelial and mesenchymal markers transitioning through the process of EMT/ MET, E-cadherin and vimentin co-localization was assessed in the neoplastic epithelial cells. Pairwise comparison between primary tumor and matched lymph node metastasis or distant metastasis from individual dogs showed significantly more E-cadherin þ /vimentin þ cells/area when comparing the primary tumor with its respective distant metastasis when analyzing by percentage of cells or area of Table 3 . Group comparisons via Kruskal-Wallis tests followed by Dunn's multiple comparisons tests.
co-localization, while a pairwise comparison between primary tumor and lymph node was significantly different only when the analysis was performed by cell counting (Table 3; Figs. 6-9). Thus, based on cell counting and computerassisted analysis (ImageJ), E-cadherin and vimentin colocalization was higher in primary tumors compared with respective distant metastases.
We extended our analysis of E-cadherin and vimentin expression with respect to both number (cell counting) and area (ImageJ) between grades I, II, and III primary tumor samples (Table 4 ).
An overall low number of cells with membranous Ecadherin þ /vimentin -labeling was observed in tumors of all grades compared with a relatively higher percentages of cells with cytoplasmic E-cadherin þ /vimentin -labeling (median values for grade I, II, and III tumors were 17.2%, 9.5%, and 16.9% for membranous and 63.6%, 59.9%, and 54.7% for cytoplasmic labeling, respectively; Table 4 ). There were no significant differences in staining between the grades regardless of the analysis performed or which grades were compared (Table 4) . However, E-cadherin and vimentin co-localization in neoplastic cells was significantly higher in both grade II and III primary tumors compared with grade I primary tumors (Table 4) , when expression was recorded by counting (grade I vs grade II: P ¼ .03; grade I vs grade III: P ¼ .04). There was no significant difference between grades when signal area was quantitated (ImageJ method; Table 4 ).
Analysis of SNAIL/SLUG Expression by Immunohistochemistry
To further characterize the process of EMT in canine mammary carcinoma primary tumors and metastatic lesions, we assessed the relationship of E-cadherin þ /vimentin þ cells with the core regulators SNAIL/SLUG. Nineteen of 20 primary tumors expressed SNAIL/SLUG with a median percentage immunopositivity of 30.0%, whereas all of the lymph node metastases (median 25.5%) and all of the distant metastases expressed SNAIL (median 10.0%). Pairwise comparison between matched samples showed a significantly lower percentage with SNAIL/SLUG expression in (Figs. 7 and 9 ). The data are based on counting the percentage of positive cells (Figs. 6 and 7) and on determining the percentage of double-positive staining area through signal area quantification (Figs. 8 and 9 ). The boxes include the 25th to 75th percentiles, with the whiskers delineating +1.5Â the interquartile range. *P < .05; **P ¼ .0026; Wilcoxon matched-pairs test.
the distant metastasis compared with the primary tumor (P ¼ .05; Table 3 ). When assigning positivity as SNAIL/ SLUG low (0 and þ1) versus SNAIL/SLUG high (þ2) categories according to Gamba et al., 17 there was no difference between tumor locations, with 7 of 20 (35%) in primary tumors, 2 of 10 (20%) in lymph node metastases, and 1 of 16 (6.2%) in distant metastases in the SNAIL/SLUG high category (chi-square test; P ¼ 0.11).
Interestingly, an inverse relationship between Ecadherin þ /vimentin þ and SNAIL/SLUG high was found in primary tumors. Specifically, SNAIL/SLUG high primary tumors had significantly fewer E-cadherin þ /vimentin þ cells than SNAIL/SLUG low primary tumors (P ¼ .0453; Fig. 10 ). However, when the area of E-cadherin þ /vimentin þ coimmunoreactivity was evaluated (expressed as a percentage of the total area), no statistical significance was noted (Fig.  11) . When analyzing the association between percentage of SNAIL/SLUG þ cells and E-cadherin þ /vimentin þ cells, no significant correlation was noted (cell counting, P ¼ .06, nor percentage area, P ¼ .59; Figs. 12 and 13) . Similarly, there was no association between grade and SNAIL/SLUG immunostaining.
Discussion
In human breast cancer, loss of E-cadherin is associated with high-risk clinicopathological characteristics, including increased tumor size, higher grade, 22, 53 lymph node and distant metastasis, 53 and decreased survival. 39, 45, 53 Similarly, downregulation of E-cadherin in canine mammary tumors has also been associated with a poor prognosis in several studies. 10, 16, 17, 25, 41, 68 We found a surprisingly low number of cells that were positive for membranous E-cadherin in primary tumors, irrespective of grade, compared with previous literature. Notably, all the cases selected for this study had documented metastatic disease. This may explain the aberrant staining pattern (cytoplasmic) of E-cadherin in our study, if the low membranous but high cytoplasmic E-cadherin expression indicates a loss of membranous E-cadherin or a transitioning of E-cadherin from the cell membrane into the cytoplasm, which occurs as an early event in EMT. In support of this hypothesis, aberrant E-cadherin immunostaining has been reported as significantly more common in patients with metastatic gastric carcinomas than in patients without metastasis.
37 Cytoplasmic E-cadherin staining has also been demonstrated in invasive lobular carcinomas in women 21, 34 and in less-differentiated mammary canine carcinomas. 55 Vimentin expression is typically expected in mesenchymal cells. 15 Its expression in neoplastic epithelial cells is consistent with the EMT process. 40, 52, 68 In breast cancer, vimentin expression has been associated with the triple-negative (estrogen receptor, progesterone receptor, and HER2-negative) molecular subtype, aggressive behavior, and a poor prognosis. 23, 52, 56, 62 Previous studies have evaluated epithelial and mesenchymal markers in separate analyses and found an increase in vimentin and a decrease/loss of E-cadherin associated with higher grade and worse outcomes.
z Our study found a relatively low overall incidence of E-cadherin -/ vimentin þ cells regardless of location (primary tumor, lymph node, or distant metastases) or grade (Tables 3 and 4 ). This may be because the lower-grade tumors included in this study all had metastasis and therefore were not representative of the typical non-metastatic grade 1 tumors.
Importantly, a significant increase in co-expression of Ecadherin and vimentin in the primary tumor compared with their paired distant metastases was noted, when evaluated through both cell counting and analysis of area of colocalization. This observation is consistent with the diversity in histologic types, grade, and biological behavior between primary mammary carcinomas and illustrates the unique advantage of using dogs with available matched metastatic lesions for breast cancer research. These findings support the theory that EMT is a dynamic process characterized by a changing phenotype from the primary tumor to the metastatic site. In fact, the lower incidence of E-cadherin 
/vimentin
þ phenotype as a prognostic marker in low-grade tumors to identify dogs at risk for metastasis that may benefit from adjuvant therapies. The results from this current study, which confirm the presence of E-cadherin þ /vimentin þ double-positive cells in all gross metastatic mammary carcinomas examined, provide the scientific rationale for performing such a study.
Multiple drivers are involved with the EMT process. In this study, we chose to evaluate SNAIL/SLUG. The transcriptional factors SNAIL and SLUG belong to the SNAIL superfamily of zinc finger transcriptional repressors that are known to negatively regulate E-cadherin transcription. 2, 46, 49 No difference in SNAIL/SLUG expression between primary tumor and its respective regional and distant metastases was observed when analyzed according to group (primary tumor, lymph node, distant metastases). However, when performing pairwise analysis based on percentage-positive SNAIL immunostaining, a significant difference between primary tumor and distant metastases was noted, again underscoring the value of using paired samples (Table 3) a higher number of E-cadherin þ /vimentin þ cells. These results were somewhat unexpected. As a driver of EMT, one might theorize that SNAIL/SLUG up-regulation would result in an increased number of E-cadherin þ /vimentin þ cells. Our results suggest that these events do not happen synchronously but rather in succession and that SNAIL expression precedes the transitioning from an epithelial to a mesenchymal phenotype; this in fact could be expected given its role as a transcriptional repressor of E-cadherin. Further mechanistic studies are needed to understand the role and interaction of the many transcriptional factors in EMT.
Previous literature also shows mixed results regarding the association between E-cadherin and SNAIL/SLUG. Gamba et al. 17 documented a direct correlation between E-cadherin down-regulation with SNAIL up-regulation in spontaneous canine invasive micropapillary mammary carcinoma, while Im et al. 25 did not confirm these findings in canine mammary tumors. Similar to Im et al., 25 we found no correlation between E-cadherin and SNAIL/SLUG. Lastly, in contrast to other studies both in human and veterinary breast/mammary tumors, where increased expression is associated with negative prognostic factors and poor outcomes, we did not find any correlation between SNAIL/SLUG expression and histologic grade. 25, 26, 44 The positive correlation between E-cadherin þ /vimentin þ cells and higher-grade tumors, as well as differences between primary tumors and their respective metastases, provides further support that EMT plays a critical role in metastasis of canine mammary carcinoma. The difference between primary tumors and metastatic lesions suggests that this is a dynamic reversible process. However, given that excisional biopsies taken during surgery or those obtained at necropsy show only a snapshot illustration of a dynamic process, it is difficult to completely elucidate the direct interactions between the key mediators and the complex mechanisms involved with this approach. Nevertheless, the results support the presence of EMT in mammary carcinoma primary tumors and their metastatic lesions in spontaneously occurring mammary tumors and provide additional support for the development of prognostic biomarkers of EMT to identify patients at high risk for metastatic disease and poor outcomes. Further research to determine the predictive value of E-cadherin þ /vimentin þ staining needs to be performed to confirm whether this method can be incorporated into routine diagnostics in canine mammary carcinomas and will suggest whether EMT may provide a potential target to improve outcomes in these patients.
